We employ a time-dependent collisional evolution code to study the conditions under which the 50{200 km radius Edgeworth-Kuiper Objects (EKOs) in the region between 30 and 50 AU (now called the Edgeworth-Kuiper Belt, or EKB; Edgeworth 1943 Edgeworth , 1949 Kuiper 1951) were formed. Assuming that these bodies were created by pairwise accretion from 1 to 10 km building blocks, we nd that three conditions were required, namely: (i) at least 10 M and more likely 35 M of solids in the primordial 30 to 50 AU zone, (ii) mean random orbital eccentricities of order 0.002 or smaller, and (iii) mechanically strong building blocks. Furthermore, we nd that the accretion of 100{200 km radius bodies in the 30 to 50 AU region from collisions among a starting population of 1 to 10 km building blocks required 10 8 {10 9 years, with the lower range only being reached for 30 to 50 AU zone masses approaching 100 M of solids or mean random orbital eccentricities <0.005 (which we do not believe is realistic after gas dissipation). Therefore, unless accretion had already produced many building blocks signi cantly larger than 10 km in diameter at the time the nebular gas was removed, our results also indicate that Neptune did not form on a timescale much shorter than 70 Myr, and could well have required many hundreds of Myr to approach its nal mass. We also explore the growth of Pluto-scale (i.e., radius 1000{ 1200 km) objects in the 30 to 50 AU region under a variety of assumptions. We further nd that once 300 hundred kilometer radius objects were formed, the growth of 1000 km radius and larger objects occurs relatively easily and comparatively quickly. The lack of many Plutos in the 30 to 50 AU zone therefore argues strongly that growth was terminated in that region rather abruptly at the time the presently observed population of 100{200 km radius EKOs were being completed. In the region beyond 50 AU where Neptune's dynamical in uence was much reduced, model runs yield 100 km to 1000 km radius, and perhaps even larger bodies which should be detectable with on-going or soon-to-be started surveys. We suggest that if dynamical conditions did not remain calm enough to allow Pluto itself to be grown in the 30 to 50 AU zone before perturbations from Neptune created a dynamically erosive, low-mass environment there, then it may be that Pluto was grown beyond the in uence of Neptune's perturbations and later transported inward, perhaps in part via the Charon-forming collision.
Introduction
The 30 to 50 AU region of our Solar System is often called the Sun's EdgeworthKuiper Belt (EKB). The key observational facts about the region beyond 30 AU are these: First, since 1992, several dozen objects up to 200 kilometers in diameter have been discovered in the 30 to 50 AU zone (cf., Jewitt & Luu 1995; Weissman & Levison 1997) . The orbits of these Edgeworth-Kuiper Objects (EKOs) have eccentricities ranging from 2% to over 25%, with the higher values typically associated with orbits a ected by dynamical resonances with Neptune. Second, in 1995 the rst observational connection between the 30 to 50 AU zone and the Jupiter-Family comets was also reported. This came in the form of a tentative detection of faint (m v 28.6) moving objects corresponding in size to cometary nuclei (Cochran et al. 1995) . Finally, the rst large object with a semi-major axis beyond 50 AU has now been discovered; this object, 1996TL 66 , has a radius near 250 km and a semi-major axis between 80 and 90 AU (cf., Marsden 1997) . Although this object's eccentricity (e 0.58) indicates it may have been scattered to this orbit, it may alternatively be providing the rst direct evidence that signi cant accretion proceeded beyond 50 AU.
The populations detected in the small area surveys performed to date indicate that the 30 to 50 AU region contains 40,000 to 70,000 objects >50 km in radius, and 10 10 small bodies in the 1{10 km radius range. Additionally, there is the anomalously large object, Pluto (R 1150 km, M=0.002M ) orbiting in this region: Pluto's diameter and mass are, respectively, about 10 and 1000 times that of a typical EKO. Observational constraints argue convincingly against there now being many other Pluto-scale objects inside 50 AU (e.g., Stern et al. 1997) . 1] The total mass of the present-day EKB between 30 and 50 AU, including Pluto, is estimated to be between 0.1M to perhaps 0.3M .
Previous studies have shown that collisions between objects in the 30 to 50 AU region are frequent enough to play a signi cant role in shaping this region Farinella & Davis 1996; Stern & Colwell 1997) . Further, these studies revealed that the present-day population of kilometer-class bodies in the 30 to 50 AU zone consists primarily of fragments from past collisions (Davis & Farinella 1997) .
Another key result of the EKB collisional work was the discovery that the EKOs > 70 km in radius could not have been built by pairwise accretion (the standard model for the growth of small bodies) within the age of the Solar System, unless the 30 to 50 AU zone was formerly much more massive, and far colder, dynamically (cf., . There are two reasons for this: (i) at present the 30 to 50 AU zone is too rare ed to allow collisions to build the EKOs in less than several times 10 10 years, and (ii) the crossing speeds of orbits are presently so energetic that collisions cause fragmentation, rather than growth. Simple, time-stationary collision rate models suggest that the ancient EKB must have contained 10 M or more of material between 30 and 50 AU to build the EKOs in less than the age of the Solar System, and that this region must have been characterized by typical orbital eccentricities of order 0.1{1% during the era when the population of EKOs were being built. We recently investigated the evolution of massive EKB models once Neptune was allowed to amplify orbital eccentricities, and found (cf., Stern & Colwell 1997) that collisions e ectively grind the EKB mass down by factors of 10 to 100 over the age of the Solar System.
In what follows we investigate accretion in the EKB using a time-dependent accretion code that has numerous improvements and higher delity than the simple, time-stationary collision rate models we employed in the past. This model builds on a long lineage of previous work beginning with Safronov (1969) , and continued with work by many groups, notably including the pioneering outer Solar System accretion modelling in Greenberg et al (1984;  cf. also Davis et al. 1985) ; for a more comprehensive review of the accretion literature relevant to the deep outer Solar System, we refer the reader to the excellent review by Lissauer et al. (1996) .
We describe our new model in x2. We then employ it to address such questions as: (i) Under what conditions and on what timescales did the numerous 70{175 km radius EKOs grow? (ii) Why did accretion truncate relatively sharply at radius scales near 200 km? (iii) What conditions and timescale were necessary to form Pluto? (iv) Is it possible that large, Earth-mass objects, as proposed by Fern andez (1980) and Morbidelli et al. (1997) , could have formed in the 30 to 50 AU zone and contributed to the signi cant depletion of mass that occurred in this region early in the Solar System's history? (v) What can accretion in the 30 to 50 AU zone tell us about the formation of Neptune? And nally, (vi) How was accretion di erent in the largely unexplored region beyond 50 AU than in the somewhat better-understood region between 30 and 50 AU?
Model Description
In order to investigate accretion in the EKB, we apply a time-dependent collisional evolution model, using a moving-bin technique like the one rst developed by Wetherill (1990) .
Our model runs explored a wide range of initial Kuiper Belt masses, from 1 to 50 M in the 30 to 50 AU zone. In all cases we assumed a heliocentric distribution in surface mass density /R ?2 . Once an initial disk mass was speci ed, the mass at each heliocentric distance was partitioned among a suite of logarithmic size bins separated by factors of 2 in mass. We began the runs discussed in x3 and x4 with a narrow size range of small but macroscopic starting objects roughly the same size scale as many present-day comets. More speci cally, we started with an initial population consisting only of building blocks 1{10 kilometers in radius (e.g., Greenberg et al. 1984) , distributed with a constant mass per bin.
At each time step the model computes the number of collisions occurring in the population at a speci ed heliocentric distance. Results for di erent heliocentric distances are computed in separate runs. In all runs the assumed radial bin width over which we average parameters like orbital eccentricity and number density (spatial concentration) as inputs to the collision frequency calculations is 1 AU.
The actual collision frequency calculation is accomplished using a locally averaged, particle-in-a-box formalism, with collision cross sections appropriately scaled for gravitational focusing, but limited by Keplerian shear and three-body e ects (cf., Greenzweig & Lissauer 1992 ; cf., Ward 1996 for a useful discussion on this point). Depending on the energetics of the collisions and the masses and mechanical properties of the colliding bodies, each collision results in either net erosion or net accretion of the collision target.
The code computes the amount and velocity spectrum of debris which escapes the gravitational potential of the collision pair using well-known scaling relations applied in a wide range of circumstances throughout the Solar System (cf., Housen & Holsapple 1990) . The actual amount of debris is calculated as follows.
For each collision pair of mass m k <m l colliding at relative velocity v kl , the speci c impact energy is computed according to the standard de nition, Q kl = 1 2 m k v 2 kl =m l (e.g., Housen & Holsapple 1990) . Q kl is then compared to a threshold value for catastrophic fragmentation, Q . We use a strain-rate scaling model for Q (Housen & Holsapple 1990) . Check runs using an energy scaling model (Davis et al. 1985) resulted in only minor differences. Housen et al. (1991) derived a strain-rate model for Q that is approximately 100 times more resistant than our model is to fragmentation for objects in the \gravity regime" (larger than 10 km radius). Their model matches asteroid family data if reaccretion after fragmentation is minimal. We use the weaker model of Housen & Holsapple (1990) but assume only a fraction of the fragments have escape velocity from the colliding pair as parameterized by f KE below. Results of test runs comparing the H&H90 to Housen et al. (1991) Q models in the Kuiper Belt are discussed in x3. We refer the reader to Davis et al. (1994) for a detailed discussion of the e ects of di erent scaling relationships for Q for asteroid collisional evolution models.]
Our implementation of the fragmentation model is the same as in Colwell & Esposito (1992 . If Q kl >Q , then the mass fraction with escape velocity from the colliding pair is given by f(> v esc ) = 1=2(v esc =v med ) ?1:5 , where v med = p 2f KE Q kl is the median fragment velocity, f KE is the fraction of impact energy partitioned into fragment kinetic energy, and v esc is the escape velocity. Following typical experimental results (cf., Fujiwara et al. 1989) , we set f KE =0.10 in the runs described below. However, to test the sensitivity of our results to a lower value of this parameter, we also made test runs with an order of magnitude lower f KE , f KE =0.01; we found that growth proceeded somewhat more quickly, as one might expect. However, we caution that experimental results indicate f KE is likely to be between 0.05 and perhaps 0.13 (cf., Arakawa & Higa 1996; Fujiwara et al. 1989) , so our value of f KE =0.10 in the runs below is an appropriate choice.
The size and velocity distribution of the debris resulting from any given collision can yield any outcome from complete accretion (no debris achieves escape velocity from the colliding pair), to complete erosion (more than half the mass of the original target has escape velocity from the colliding pair). The total mass of escaping debris is distributed to smaller mass bins following a standard, two-component power-law size distribution with slopes computed based on laboratory experiments (Davis & Ryan 1990 , cf. also Colwell & Esposito 1992 .
Cratering impacts (Q<Q ) are handled similarly. Ejecta mass is computed from the impactor energy following standard techniques (e.g., . The debris size distribution is a single-valued, cumulative power law (n(>m)/m ?5=6 ), and the fragment velocity distribution uses a cumulative power-law exponent in mass of -1.2 (for weak target runs) and -2.0 (for hard target runs). These exponents are based on scaling analysis and are consistent with laboratory experiments on hypervelocity impacts into sand and basalt (Housen et al. 1983) .
For each impact we initially add the mass of the impactor to the target, and then remove the appropriate amount of debris which escapes, if any. The result is net accretion to the target body if the mass of the escaping ejecta is less than the impactor mass. Debris smaller than the smallest discrete bin (10 meters in the runs presented below) is placed into a non-interacting bin to represent short-lived \dust" particles. Calculations show that objects entering this bin are rapidly lost from the system by further collisions, which comminute the debris to small grains which are subject to dynamical loss induced by radiation transport. As such, this debris bin represents the mass lost to collisional erosion of the EKB.
Because the mechanical behavior of the EKOs in mutual collisions is uncertain, we chose to explore a broad suite of mechanical strengths for the objects to bracket the likely real behavior. For \strong object" runs, we assumed a density =2 gm cm ?3 and a strength parameter S = 10 8 appropriate for cryogenic ice or a basaltic rock (Housen & Holsapple 1990) . S enters into the expression for Q (cf. Housen & Holsapple 1990 Eqs. 35, 45; Colwell & Esposito 1992 Eq. 7). S is given by =S _ where is the dynamic strength of an object, is the strain rate of impact, and a material constant =0.25 (Colwell & Esposito 1992) . For the \weak object" runs, we assumed a density =0.5 gm cm ?3 and a ten-times lower strength parameter of S=10 6 , which is appropriate for weaken or porous ice (e.g., Colwell & Esposito 1992) . Of course, in both cases, larger objects are progressively \strengthened" as a result of their gravitational binding energy, making the escape of ejected debris from them more di cult with increasing target size.
Tests showed that the erosion branch of the code generates collisional equilibrium debris tails with power-law slopes of -3.5, consistent with analytic results (Dohnanyi 1969, Williams and Wetherill 1994) ; tests of the accretion branch of the code showed that growth times are approximately linear in the mass of the EKB starting population. Additional tests were described in Stern & Colwell (hereafter, Paper I) .
As to the mean random velocity of the swarm, a parametric study was performed by running a broad suite of cases. The model was rst run for a set of Gaussian, time-invariant mean random eccentricity distributions that span the likely range of EKB eccentricities from lower limits based on the perturbations of km-class objects on one another to upper limits for growth (hei 0.03). 2] Thus, we ran distributions with mean values centered at hei of 0.001, 0.002, 0.004, 0.008, and 0.025; in each case the full width at half-maximum (FWHM) of the eccentricity distribution was taken to be 50% of the mean.
For the purpose of this rst report we did not code either a gas-rich or gas-free coupled mass-velocity evolution scheme (e.g., Wehterill & Stewart 1989) into our model. Instead, our goal was to explore parameter space using time-invariant eccentricity cases as a precursor to a comprehensive set of next-generation simulations involving velocity evolution.
However, because we recognize that velocity evolution must occur as the size distribution of the swarm evolves (and as Neptune and other distant perturbers grow), we also conducted a limited set of runs with a simple scheme for time-dependent velocity (i.e., eccentricity) evolution, in which the smallest objects in the run have eccentricities in equilibrium with that expected from scattering perturbations from the largest objects. 3] The largest objects, which should through energy equipartition evolve to the lowest ec-2] Higher eccentricities were explored in Paper I when we studied the destruction of the primordial 30 to 50 AU zone due to the severe collisional erosion that is induced once Neptune neared its nal mass.
3] The expected equilibrium hei induced by the largest bodies is hei=V esc /( p 2 V K ), where V esc refers to the escape speed of the largest bodies, is the Safronov parameter, and V K is the local Keplerian orbit speed. In our simulations we took =1. The assumption that the small bodies should reach eccentricities in equilibrium with that expected from the largest bodies in the swarm was veri ed a posteriori by checking that the mass distribution centricity in the swarm were set to hei=0.0005, which is a reasonable lower limit set by the competition between perturbations from distant Jupiter and Saturn and the e ects of dynamical drag and viscous stirring (G. Stewart, pers. comm.). Objects of intermediate size were assigned eccentricities intermediate to these values using a simple linear t. We stress that this simple model is not meant to produce time-dependent eccentricities as accurately as a complete treatment of the Wetherill-Stewart (1989) formalism. It does, however, provide a rst-order approximation that behaves in the spirit of a more complete velocity evolution simulation. Our purpose in conducting these \Vev" runs is simply to show that our constant-eccentricity cases bound a reasonable (if crude) approximation to the more physically realistic, size-and time-dependent eccentricities that evolve during actual accretion in the outer Solar System. During runs, the code selects a time step that targets a 1% rate of change of the fastest-changing size bin. Test runs of the linearity of the model as a function of time step revealed no signi cant dependence of the evolving population distribution on time step targets either twice or half as large. Test runs of the model show it conserves mass to a few parts in 10 ?15 after a run time of 4 10 9 years.
For all runs, the model proceeded until one of the following conditions was reached: (i) it timed out after 5 Gyr, (ii) 20,000 time steps had been computed, (iii) the initial disk mass was ground down until 95% was deposited into the dust bin, or (iv) objects with 20 times the mass of Pluto were built.
Growth of QB 1 s from Kilometer-Class Building Blocks
One of the fundamental questions concerning accretion in the EKB is how the largish, several hundred kilometer diameter objects in the 30 to 50 AU zone were formed. 4] We report here on model runs that address this question by examining the growth timescales and properties of various initial populations of 1{10 km radius building blocks interacting through collisions under a wide range of assumptions about the primordial EKB's mass and eccentricity, and a range of building block mechanical properties, as described above. In what follows next we concentrate on model runs at 40 AU. Model runs at 33 and 45 AU produced qualitatively similar results.
In Figure 1 we present the results of 12 model runs with assumed 30 to 50 AU disk masses of 1, 10, and 35 M . All of the runs shown in Figure 1 assume the strong-case mechanical properties described in x2 above; Figure 2 presents a set of 12 similar runs in evolves to one dominated by the largest bodies. 4] In what follows we refer to objects in this size class as QB 1 s in analogy to the rst detected member of this class, 1992QB 1 .
every respect, except that we used the weak-case mechanical conditions discussed in x2.
For each of the three disk mass cases in Figures 1 and 2 we depict results for constant hei runs of 0.002, 0.008, and 0.025, as well as a run using the crude but heuristic velocity evolution (Vev) algorithm described in x2, above; these various hei cases are shown as colored lines (the starting population of 1{10 km radius objects is shown as a solid, black line). The hei=0.002 case is on the order of the mean random velocity expected for a population of 1 to 10 km radius objects perturbing one another near 40 AU without any external excitation; it therefore represents a rough lower-limit to hei. 5] By contrast, the upper limit case we show, with hei=0.025, is similar to the values of hei seen today in the non-resonant regions of the EKB. As we show later, although higher eccentricities may have been reached, growth is already severely inhibited at hei=0.025, and it is unlikely that signi cant growth took place at hei > 0.03. Figures 1 and 2 reveal several important results. To begin, as expected from previous work with lower-delity models, Figure 1 shows that QB 1 s (and larger bodies) can be grown from a population of 1{10 km-class building blocks in the age of the Solar System only if the 30 to 50 AU disk mass is of order 10 M or more, and hei remains cold| of order a few times 10 ?3 . Neither condition su ces alone. For example, even at hei=0.008 growth is signi cantly inhibited throughout the range of mechanical properties we have assumed.
These gures also reveal that the strong and weak run cases with di erent mechanical properties produce strikingly di erent results. The weaker mechanical strength of the bodies used to produce the results in Figure 2 almost completely sti ed growth, and in fact resulted in the generation of so much erosional debris in the 35 M disk-mass cases that the simulation terminated in <1 Gyr owing to the fact that >95% of the disk mass was ground into \dust." Only the 10 M and 35 M Vev and hei=0.002 runs were able to grow bodies with radius > 25 km from an initial population of 1{10 km building blocks during the simulation; these runs each required >1 Gyr to produce 100 km radius objects. 6] These results argue that the primordial EKB bodies were relatively strong; the requirement for strong building blocks is a third criterion necessary for the growth of the QB 1 s from 1{10 km building blocks. 7] Another important nding contained in Figures 1 and 2 follows from the number 5] If the mass-averaged starting population has a characteristic size radius scale of 1 km, hei=0.001 might be more appropriate; we discuss such runs later. 6] Using the enhanced gravitational compression model of Housen et al. (1991) , we allowed growth of objects to near 100 km radius for disk masses greater than 10 M oplus and eccentricities < 0. 008. 7] A suite of test runs using the stronger Housen et al. (1991) Levison & Duncan 1993) should have removed the majority (and indeed, perhaps as much as 90%) of the primordial population of such objects, it is necessary to create many more QB 1 s than exist today. Runs assuming 10 M and hei=0.001 do not signi cantly increase the QB 1 production. Since the e ective lower limit for hei is 0.005, lowering hei is not the solution, and we conclude that it is likely that 10 M of solids appear to produce too few QB 1 s to be in agreement with observations, and argues for a still higher primordial disk mass in the 30 to 50 AU region. The 35 M case produces a better result. When extrapolated to the entire 30 to 50 AU zone, the hei=0.002 case predicts 2 10 5 to 4 10 5 QB 1 s, which after dynamical losses of 50{90% would agree relatively well with present-day observations. Similarly, the 35 M model runs predict numbers of 20 km and 1 km bodies roughly in agreement with the available constraints: >2 10 8 10-km radius comets (cf., the HST results by Cochran et al. 1995) and 10 10 1-km class comets (cf., the dynamical models for comet delivery, like Duncan et al. (1997) ).
If accretion was not as e cient as the hei=0.002 cases (e.g., as in our crude velocity evolution cases), then even more mass may have been required in the 30 to 50 AU zone to create the observed population of QB 1 s. Runs increasing the disk mass to 50 M further increases the QB 1 production by about 40% over the 35 M case. Because runs with 35 M barely satisfy the observed population constraints, our present simulations indicate that something near 35M to be a likely lower limit to the primordial mass in the 30 to 50 AU zone. 8] It is interesting that the present-day surface mass density of the Uranus-Neptune zone, when extrapolated to the 30 to 50 AU region using power laws of R ?3=2 to R ?2 (e.g., Lissauer 1987) , indicates that 25{35 M of solids were in the primordial 30 to 50 AU zone. However, simply extending the surface mass density of solids currently in the giant planet region makes the implicit assumption that planetary accretion was highly e cient. This is at odds with existing models of outer planet formation (e.g., Safronov 1969; Fern andez & Ip 1984 Lissauer et al. 1996) , similar results, but resulted in signi cantly more growth for eccentricities in the range 0.005 to 0.01 (as long as there was still at least 10 M mass in the disk). 8] We are hesitant to place a strong upper bound on the mass in the primordial 30 to 50 AU region, owing to velocity evolution e ects that we have not modelled well, and uncertainties in the e ciency of dynamical loss processes. and with the existence of the Oort Cloud. In fact, it is not unreasonable to expect that giant planet accretion was so ine cient (e.g., say 30 to 50%), that up to perhaps 35{80 M of solid material may have been present in the 30 to 50 AU zone when the QB 1 s were grown.
In Figures 3 and 4 we present an identical set of model runs as in Figures 1 and 2 , but at a heliocentric distance of 68 AU. In this more distant region only a tiny fraction of the orbits (i.e., those in mean motion resonances) are believed to have ever been signi cantly excited by the giant planets. Importantly it is also a probe of conditions where objects like the newly discovered 1996TL 66 (a=86 AU, R 250 km) could have formed.
As we found at 40 AU, signi cant growth only occurs for strong-object, loweccentricity cases, and with an initial disk mass at 68 AU extrapolated from at least 10 M in the 30 to 50 AU zone. However, the growth timescales are signi cantly longer than at 40 AU. This is not surprising, since encounter velocities and population space densities are lower, but the data do demonstrate that QB 1 -scale objects can indeed be created beyond 50 AU in a reasonable disk model within the age of the Solar System. Given that Neptune's e ect was so much smaller and did not truncate the growth of bodies, growth in that region may have continued for 4 Gyr. As such, accretion beyond 50 AU may even be taking place today if internal velocity evolution did not excite hei too much. Further, it could be that many, or even more QB 1 -scale bodies may exist in the region between 50 AU and 70 or 100 AU, than in the 30 to 50 AU zone.
We now turn to Figures 5 and 6 , which provide insight into the growth timescales for QB 1 s at 40 and 68 AU, respectively. Notice that in Figures 5 and 6 we also include results from runs with for 1 M to 50 M , and examine hei as low as 0.001. Because weak building blocks do not grow QB 1 s at plausible hei's, Figures 5 and 6 deal only with data from model runs with strong mechanical properties.
The upper panel in each of these gures refers to the time to reach a 70 km radius growth target from a population of 1{10 km building blocks, as described above; the lower panel refers to the growth times for a 200 km radius growth target. Constant hei cases are labeled; the velocity evolution case is shown as a dashed-dotted line. Runs which had growth times >5 10 9 years, are not of interest and are therefore not plotted. Figure 5 reveals (as did Figure 1 ) that the growth timescales for 70 and 200 km radius EKOs are not very di erent. Why? Owing to their gravitational focusing e ects in a dynamically cold population, such objects enjoy highly accelerated growth.
This result has signi cant implications for the growth of still larger objects, as we describe later. For now, we simply point out that the transition scale to rapid growth is not very far above the scale of presently-observed EKOs, indicating that the 30 to 50 AU region was in the process of creating signi cantly larger objects| of true planetary scale| when growth was arrested.
Figure 5 also shows that only for hei in the range 0.001 to 0.002 does the growth of QB 1 s occur in less than the 4.5 Gyr age of the Solar System. To achieve a growth time < 600 Myr, the estimated upper limit on Neptune's growth timescale based on lunar cratering record (e.g., Lissauer et al. 1996) , our results indicate that > 40 M and hei 0.001 were required in the 30 to 50 AU zone. Further, even increasing the primordial EKB mass to 100 M in the 30 to 50 AU zone would only reduce the QB 1 growth times shown on the right hand side of Figure 5 by a factor of 2, and not qualitatively alter these conclusions.
Clearly, unless either hei was much less than 0.001 for a considerable time, or the initial building block sizes of the QB 1 building blocks were substantially larger than 10 km, the 30 to 50 AU zone must have remained dynamically quiet for at least 100 Myr to produce the objects observed there today.
The main point to be gleaned from Figure 6 is that QB 1 -scale objects can be grown far into in the region beyond 50 AU in less than the age of the solar system if hei remained low.
On the Growth from QB 1 s to Larger Objects
A second important area of inquiry related to accretion in the EKB concerns the conditions under which Pluto grew, and whether other large objects may have grown in the region beyond Neptune.
To address these issues we refer rst to Figure 7 , which depicts the time for strong objects to grow to radii of 500 and 1000 km from 1{10 km building blocks at 40 AU, as a function of the two relevant disk parameters: the starting disk mass in the 30 to 50 AU zone 9] , and hei. Figure 7 depicts the results of an identical model run at 68 AU. It reveals that Pluto-scale bodies can be grown in a constant-eccentricity disk in <10 9 years over a signi cant range of eccentricity-mass parameter space, and in as little as 200 Myr if the 30 to 50 AU zone mass exceeded 40 M and enjoyed hei 0.001.
Increasing hei from 0.001 to 0.002 results in 5 times longer accretion times for 1000 km radius bodies. The primary reason for this is that higher hei lengthens the timescale required to reach the accelerated growth runaway point where gravitational focusing is e ective; we refer to this as a \harder start." The velocity evolution case gives timescales as long as or longer than the hei=0.002 case.
From these results we conclude that in order for Pluto to form in less than the 600 9] We note that 40 AU is the average distance of Pluto from the Sun (semi-major axis 39.5 AU).
Myr constraint provided by the lack of a late pulse of cratering on the lunar surface (cf., Lissauer et al. 1996) , one of several possibilities must have occured. These include: (i) that building blocks >10 km in radius were created in a very low hei environment, perhaps during the rst few million years when gas damping was e ective; (ii) that building blocks >10 km in radius were dynamically transported into the 30 to 50 AU zone; or (iii) that Pluto formed outside the 30 to 50 AU zone. Yet another possibility is that Pluto reached a size scale of > 300 km before its eccentricity grew to its present value, giving it the gravitational binding energy necessary to continue accretion in what would have been an erosive environment for smaller objects. If this occurred, then Pluto would have had to nish its accretion fortuitously, just as the disk mass in the 30 to 50 AU zone was being dynamically and collisionally depleted (cf., Paper I).
Finally, we consider the results shown in Figure 8 , which were derived from model runs designed to investigate the possible growth of Pluto-scale objects beyond the 50 AU boundary of Neptune's direct and widespread dynamical in uence. Although growth times at 68 AU are about 4 to 5 times longer than at 40 AU, these results indicate that Pluto-class bodies can indeed be grown well beyond 50 AU, from 1{10 km building blocks, in as little as 1 Gyr| if hei 0.001 and if the EKB mass interior to 50 AU was 40{50 M and continued outward with / R ?3=2 or / R ?2 . Even for an EKB mass near 25 M (in the 30 to 50 AU zone, and extended outward to the 50{70 AU zone as described above), Pluto-scale objects can be grown in the 4.5 Gyr age of the Solar System.
If the Edgeworth-Kuiper belt extends outward substantially beyond 50 AU (i.e., into a disk), and the mean random eccentricities of orbits in the disk were very low (at least until several hundred kilometer radius objects were built), then these results suggest planetscale objects may well have been built in the region between 50 and 100 AU, and await discovery.
Conclusions and Implications
We have presented above what are to our knowledge the rst time-dependent simulations of accretion from small building blocks in the Edgeworth Kuiper Belt. For the most part our model runs used constant orbital eccentricity (hei) distributions, so that we could conduct a parametric exploration of how results depend on hei. In the future we plan to conduct simulations with fully-representative, coupled mass and velocity evolution; in this paper, only a simple, heuristic, self-consistent set of velocity evolution runs were made, largely to show that the range of hei-space we explored was appropriate. One important input parameter uncertainty in our simulations is related to the lack of speci c knowledge about the mechanical properties of EKOs. We have attempted to combat this uncertainty by varying the assumed mechanical properties over a wide range of conditions, from a crush-ice like state to a solid rock-like state. The range of parameter space spanned by these cases should be large enough to capture the (unknown) actual conditions.
We now summarize some implications that can be drawn from the work presented above.
1. It is feasible to create 100{200 km radius EKOs by pairwise accretion from 1{10 km building blocks in the 30 to 50 AU region, where these \QB 1 s" now reside. In order to achieve the growth of QB 1 s to their present size, and to achieve a population that (after dynamical losses) corresponds to their present numbers, we found that > 35 M , 10 8 { 10 9 years, mean random orbital eccentricities less than 0.0025, and comparatively strong building blocks were all required. 10] Even for 50 M of condensable solids in the 30 to 50 AU zone, growth from building blocks 1{10 km in radius appears to require 10 8 years or more. To achieve signi cantly faster growth times in this region may require that either larger building blocks or extremely low eccentricities (e.g., <0.001), as might be expected if signi cant growth (i.e., to R>10 km) took place in the presence of gas (i.e., < 10 7 years after the Sun reached the main sequence).
2. The growth of Neptune had a twofold, deleterious e ect on the growth of objects in the EKB region. It caused accretion to be inhibited owing both to the energetics of collisions, which became erosional, and, and to the severe EKB mass loss (ultimately as radiation-transported dust; cf., Paper I) which erosion induced. Based on this nding we conclude that Neptune could not have reached its nal mass long before the QB 1 -sized EKOs were built. Although such a tight timing constraint would be fortuitous, it seems to us to be plausible that this is in fact what the population size distribution of large bodies in the 30 to 50 AU zone may be telling us actually happened. Such a situation, which would essentially involve a race between the formation of Neptune and the formation of objects in the 30 to 50 AU zone bears some resemblance to the similar race believed to have occurred between the accretion of Jupiter and the interrupted evolution of large bodies in the asteroid belt. 3. If the massive primordial EKB extended beyond 50 AU, then the growth of QB 1 -scale and larger bodies has likely also occurred in the region between 50 and 100 AU. As a result, Pluto-scale and larger objects may reside there today. Because Neptune 10] If the objects were stronger than our strong case, or more dissipative than we assumed (f KE <0.10), then growth could occur faster, or at higher hei, or with somewhat lower disk mass. Using the enhanced gravitational strengthening model of Housen et al. (1991) increased the maximum eccentricity for accretion from 1{10 km building blocks by a factor of two to four.
never induced signi cant eccentricities on most orbits in this region, the dynamical conditions necessary for growth may have persisted for the whole age of the Solar System. However, the validity of this conclusion depends on the details of the internal velocity evolution that took place in the region beyond 50 AU, and therefore requires veri cation by a more realistic simulation, which we are planning. 4. The growth of Pluto-scale (McKinnon 1984; Stern 1991 ) and larger objects (e.g., Fern andez & Ip 1984; Morbidelli et al. 1997) in the 30 to 50 AU zone can occur from 1{10 km building blocks under a variety of circumstances in <1 Gyr, and in some plausible circumstances in as little as 100{200 Myr. Not surprisingly, our simulations also showed that gravitational enhancement of collision cross sections caused the growth from 500 km radius to 1000 km radius, a factor of over 10 in mass, to require just 1/3 the time that growth from 170 km radius to 500 km radius (a similar mass ratio increase). The lack of a large population of such \ice dwarf planets" (Plutos) in the 30 to 50 AU zone implies that the \accelerated accretion boundary" of 300{ 400 km radius objects where accretion to planetary scale proceeds rapidly, was either not reached or perhaps was just barely reached when Neptune's in uence curtailed accretion and initiated the destruction of the primordial EKB. 5. As to Pluto itself, if the time available to accrete objects of its mass at 40 AU was longer than the timescale available before Neptune formed 11] , then it is possible (indeed, perhaps likely) that Pluto was created elsewhere, and dynamically transported to this region. Stern (1991) , Levison & Stern (1994) and Malhotra (1993 Malhotra ( , 1995 have each discussed scenarios for Pluto's transport outward from the 20{30 AU zone. Our work suggests yet another possibility: Perhaps Pluto was created beyond 50 AU, and then transported inward. Although we do not claim that this new scenario is more likely than other proposed scenarios, including formation in situ, it would allow Pluto to have formed much later (both relative to Neptune and in absolute terms) than formation in either its present location or the 20{30 AU zone would allow, and warrants further investigation.
6. The timescale for the growth of Neptune and other large bodies in Neptune's region in the ancient Solar System may well have been of order several hundred million years. As noted above, our results argue that Neptune must have been built prior to the time of any wide-scale runaway in the 30 to 50 AU zone, or else very many objects in the 300 km and larger kilometer radius scales would have been built and at least some would plausibly be observed today. Owing to the accelerated growth that objects with radii larger than about 300 km experience, this constraint provides a means of trapping the growth timescale of Neptune to between 70 Myr and perhaps up to 600 Myr (where lunar cratering records provide a plausible constraint). The lower limit of 70 Myr derived from our results provides circumstantial evidence that Neptune's growth was not very rapid. Although this work represents a step forward in the modelling of accretion in the trans-Neptunian region, it is only a rst step. We have noted that the present work is de cient in several key respects, and more work is surely required. Key improvements necessary to make additional progress include (i) modelling the e ects of time-dependent, internal velocity evolution in a realistic way, (ii) more realistic treatments of the e ects of Neptune's growth, (iii) including the evolution of mechanical properties which evolve not just with the size of the body, but also with its collision history, and (iv) coupling accretion models to nebular models in order to investigate the role of gas drag. Improved observational constraints relating to the masses, densities, and mechanical properties of objects in or derived from the Edgeworth-Kuiper Belt would of course also be useful. | Figure , QB 1 -scale) objects at 40 AU, as a function of (i) the starting disk mass in the 30 to 50 AU zone and (ii) the assumed mean random eccentricity of the swarm. All of these data assume a starting condition of 1{10 km radius building blocks and our standard, mechanically strong case. Data are only shown for cases when the growth target was reached in <5 10 9 years. 
